Canine cardiac Purkinje fibers were exposed to sodium-free solutions containing 128 mM tetraethylammonium chloride and 16.2 mM calcium. Some fibers exposed to these solutions were spontaneously active. Other fibers were quiescent, but they could be thrown into sustained rhythmic activity by a single driven action potential; the sustained activity resulted from the depolarizing phase of an oscillatory after-potential. Premature action potentials often showed prolonged plateaus, and their repolarization continued to a more negative level than that seen during the regular sustained activity. This condition caused a temporary slowing of rhythm and, on rare occasions, a cessation of spontaneous activity. Other canine cardiac Purkinje fibers were exposed to normal Tyrode's solution containing 0.125 mg ouabain/liter. In such fibers driven activity caused progressive loss of resting potential. Concomitant with that loss of resting potential, oscillatory after-potentials appeared. These oscillatory after-potentials sometimes grew into sustained rhythmic activity that occurred at a level of resting potential at which the normal sodium-dependent upstroke was presumably inactivated.
• Canine Purkinje fibers exposed to sodium (Na)free solutions can develop propagated action potentials that depend on calcium (Ca) to carry the inward current needed to produce excitation (1) . We have now found, as reported in this paper, some fibers that remained quiescent until a single action potential was evoked by an applied stimulus; at this point the fiber showed sustained spontaneous activity, which could be slowed and even arrested by a single premature action potential. Also, similar activity occurred in fibers that were exposed to normal levels of Na but poisoned by ouabain.
Methods
The preparation, the perfusates, and the techniques of recording and stimulation were essentially identical to those described previously (1) . The composition of the Na-free solution was 128 mM tetraethylammonium chloride, 16.2 mM Ca, 2.7 mM K, 0.5 mM Mg, 5.5 mM glucose, 5.0 mMTris, and 164.1 mM total Cl. From The Rockefeller University, New York, New York 10021.
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Results
FIBERS EXPOSED TO Na-FREE SOLUTION
When certain quiescent but excitable fibers exposed to Na-free, Ca-rich solution were stimulated to evoke a single propagated action potential, repolarization reached the previous resting potential and was not followed by an after-hyperpolarization ( Fig. 1A ). However, repolarization could carry the membrane to a level more negative than that present before excitation, creating an after-hyperpolarization which decays to the level of the resting potential that prevailed before excitation ( Fig. IB) . On the other hand, the decay of the after-hyperpolarization could continue beyond the previous resting potential to produce a subthreshold depolarization (Fig. 1C ). In Figure  1C , the first driven action potential was followed by an oscillatory after-potential; the depolarizing phase of that oscillatory after-potential did not reach threshold. In the second set of action potentials, the driven response was followed by a single nondriven action potential; the nondriven activity grew out of the depolarizing phase of the oscillatory after-potential (Fig. 1C ). In Figure 1A -C, the amplitude of the driven response was increased as the result of a stimulus artifact.
It was not uncommon to find that evoked activity of the type shown in Figure 1C persisted for 477 B L FIGURE 1 Three types of repolarization following a single driven action potential in a quiescent fiber. Each record is from a different fiber. A: No after-potential occurred. B: An after-hyperpolarization which decayed back to the resting potential occurred. C: First driven response evoked an after-hyperpolarization that was followed by a subthreshold after-depolarization. The secondary depolarization that followed the second driven response in C reached threshold and evoked a spontaneous action potential. The vertical calibration in A represents 20 mv in A and B, and the horizontal calibration in A represents 1 second in A and 2 seconds in B. The calibrations in C represent 20 mv and 2 seconds.
hundreds of beats. The first action potential in Figure 2A was evoked by applying a stimulus to a previously quiescent fiber; the next 20 action potentials arose in the absence of applied stimuli. In this particular fiber, cessation of activity followed a gradual shift in the maximum diastolic potential and the threshold potential. Eventually the discharge of the after-hyperpolarization failed to reach threshold; the sequence then terminated in a series of progressively smaller subthreshold oscillations. A similar spontaneous arrest of activity is shown at a faster sweep speed in Figure 2B .
The appearance of a premature impulse could markedly alter the rhythm of sustained activity. Such an impulse could show a more pronounced plateau and be followed by an after-hyperpolarization that carried the membrane potential to a level more negative than that attained during the period of the previous sustained rhythmic activity (Fig. 3 ). The premature impulses in Figure 3 arose spontaneously. The level of hyperpolarization attained during repolarization of the premature action potential was about 8 mv greater than the maximum diastolic potential attained during the regular rhythmic activity. The direct result of this phenomenon was that more time was required for the phase of depolarization to reach threshold. A further, but not a necessary, consequence of such hyperpolarization was that the rate of depolarization was reduced, thus prolonging the interimpulse interval even more. A similar phenomenon in normal Purkinje fibers has been reported by Klein et al. (2) .
The premature impulses shown in Figure 3 arose spontaneously; a similar effect was often induced by evoking a premature impulse with a stimulus applied during sustained rhythmic activity. In Figure  4 , the artificially evoked premature impulse had a marked plateau and a greatly enhanced after-hyperpolarization. The after-hyperpolarization decayed fairly quickly; however, the subsequent slow depolarization to threshold was very retarded, and the interval between the premature impulse and the next upstroke was greatly prolonged. In Figure 4 , records taken from two sites several millimeters apart show that this phenomenon was not localized to the vicinity of the applied stimulus. On several occasions the hyperpolarization that followed a premature impulse led to cessation of sustained rhythmic activity. However, we were not able to reproduce this phenomenon consistently, or to obtain any records of it.
OUABAIN-POISONED FIBERS
Vassalle et al. (3) have shown that two distinct types of arrhythmia can arise in the whole heart exposed to ouabain. One type is unmasked by sinus slowing and is attributed to automatic activity in fibers that become rhythmically active whenever they are not excited by impulses originating in other fibers. The second type is triggered, i.e., single extrasystoles or trains of extrasystoles are seen only when a propagated impulse initiates them. If the phenomena that we have described in
FIGURE 4
Effect of artificially evoked premature impulses on the rhythm of a spontaneously active fiber. Records are shown from two sites separated by a few millimeters. Two premature impulses were evoked; each impulse showed a longer plateau than that seen during spontaneous activity. Both of these impulses were followed by marked after-hyperpolarization, and both markedly retarded the appearance of the next spontaneous action potential. There are sharp, low-amplitude artifacts on the top trace. Calibrations: horizontal 2 seconds, vertical 20 mv.
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the preceding section appeared in ouabain poisoned fibers, they would give rise to the second type of arrhythmia.
Therefore, fibers exposed to normal Tyrode's solution containing 0.125 mg ouabain/liter were examined. Such fibers lost resting potential during sustained driven activity (Fig. 5A ). Figure 5A also shows the progressive enhancement of an oscillatory after-potential. An after-potential can be seen clearly after the third driven impulse; it merely prolonged the repolarization and caused the fourth impulse to arise in a more depolarized fiber. The after-potential that followed the fourth driven impulse was actually a secondary depolarization. The secondary depolarization is even more marked following the last driven impulse. The results shown in Figure 5A suggest that the cumulative loss of resting potential brings the fiber into a range of resting potential in which it demonstrates oscillatory after-potentials resembling those seen in Nafree, Ca-rich solutions. Figure 5B shows a series of driven impulses that brought about a cumulative depolarization of 15 mv; the last two action potentials were spontaneous and a large but subthreshold oscillatory after-potential occurred during the slow recovery of resting potential.
These observations suggest that activity in fibers in which the sodium pump is depressed by ouabain brings the resting potential into a range in which either triggered activity or sustained triggered activity can occur. In Figure 5C , a quiescent fiber was driven at a rate of 86/min for three impulses; after the third impulse, the fiber showed sustained activity arising from a much less negative level of resting potential than that seen prior to the onset of the three driven impulses.
Discussion
The phenomena described in this paper are not always found in Purkinje fibers exposed to Na-free, Ca-rich solutions. Quiescent fibers that show a high resting potential (-60 to -70 mv) cannot be B FIGURE 5 Effects of driven impulses on the electrical activity of a quiescent fiber exposed to normal levels ofNa and to 0.125 mg ouabain/liter. A: Period of driven activity led to a loss of resting potential and the appearance of a small oscillatory after-potential following the third, fourth, and last driven impulses. B: Two spontaneous action potentials followed the cessation of a long period of driven activity; the bottom trace shows the time of application of stimuli. C: Three driven impulses led to sustained spontaneous activity arising from a much reduced level of transmembrane potential. Calibrations: horizontal 1 second in A, 5 seconds in B, and 1 second in C, vertical 20 mv. thrown into sustained activity by a single stimulus, and existing activity only rarely can be interrupted by a single propagated action potential. When the phenomena are present in a particular fiber, they can often be evoked repeatedly; however, we failed to determine and bring about the exact conditions needed to elicit the phenomena on a regular basis. The only general statement we can make is that triggered activity is most likely to be evoked in fibers that show a resting potential between -50 and -60 mv. We did not observe these phenomena in our earlier studies of Ca-dependent action potentials (1), because the fibers were usually spontaneously active when we first studied them. Fibers can be thrown into activity by the mechanical stimulation caused by mounting in a tissue bath; fibers that are mechanically quiescent when they are examined through the dissecting microscope sometimes go into rhythmic activity immediately after they are impaled by a microelectrode. Spontaneous activity can also begin as the fall in resting potential associated with switching to Na-free solutions carries the membrane potential to the threshold potential of the slow response.
Triggered activity has been demonstrated in fibers of the rabbit sinoatrial (SA) node exposed to 30% of the normal level of Na and to 20 fig isoproterenol/liter (4). We have not observed triggered activity in canine cardiac Purkinje fibers exposed to normal levels of Na and to high levels of potassium (K) and epinephrine; however, we have observed this phenomenon in bovine and ovine cardiac Purkinje fibers exposed to normal levels of Na and to high levels of K and epinephrine (5) . Carmeliet and Vereecke (6) have also reported oscillatory after-potentials capable of reaching threshold in bovine cardiac Purkinje fibers exposed to normal levels of Na and to high levels of K and epinephrine. Earlier observations have strongly suggested that oscillatory after-potentials can lead to single or repetitive extrasystolic activity (7, 8) and that aconitine-induced tachycardia can be triggered (9) . Such phenomena presumably can occur in fibers exposed to normal levels of Na only if those fibers are producing a slow response (1, 10) . The slow response in the presence of normal levels of Na is presumably unmasked when inactivation secondary to loss of resting potential is sufficient to abolish the rapid upstroke characteristic of the normal action potential. Whether the inward current responsible for the slow response is carried by Na, Ca, or both remains an open question.
Once triggered, the activity that we have described is superficially indistinguishable from that seen in the SA node. It has been suggested (11, 12) that the currents that underlie spontaneous activity in the SA node and in partially depolarized Purkinje fibers are similar and are "generated by changes in the same outward current, i Xl , that is responsible for initiating full repolarization in more normal preparations" (11) . When the action potential of fibers exposed to Na-free, Ca-rich solutions developed a plateau, the after-hyperpolarization was invariably greater than it was following action potentials that did not show a plateau ( Figs. 3 and  4) .
The phenomena described in this paper show two characteristics that were formerly taken to indicate the presence of reentry secondary to circus movement of excitation: the burst of activity can be initiated by a single propagated action potential and it can be terminated by a single premature propagated action potential. This means that arrhythmias showing these characteristics are not necessarily reentrant. One must ask, however, whether the phenomena described in the present Cimdatim Research. Vol. XXXIV, April 1974 paper might in fact be caused by circus movement. It is all but impossible to disprove this alternative explanation. We have, however, regularly elicited triggered activity in very short bundles (3-4 mm) of small diameter that showed no branches or closed loops when they were examined under the dissecting microscope. In view of the great difficulty in establishing circus movements of excitation even in loops 20-30 mm long (5) , it would be surprising if circus movement caused the phenomena described above.
A focus with the characteristics that we have described could cause coupled extrasystoles or bursts of extrasystoles. When a focus that could otherwise be triggered is protected by entrance block, relief of that block could allow the focus to be activated, causing idioventricular beats possibly with the characteristics of parasystolic rhythm. Such activity could be terminated by the slowing caused by a premature impulse. The interaction of several foci capable of being triggered or slowed by propagated impulses could produce activity very similar to fibrillation.
An oscillatory after-potential in fibers exposed to ouabain or acetylstrophanthidin has been called an enhanced diastolic depolarization by Davis (13) , a low amplitude potential by Rosen et al. (14) , and a transient depolarization by Ferrier et al. (15) . Davis (13) has shown that the amplitude of the depolarizing after-potential increases if the last impulse in a train of driven impulses is premature; Ferrier et al. (15) have shown activity triggered by a series of driven impulses.
We would, however, place somewhat more emphasis on the role of loss of resting potential as the necessary condition for triggered activity than do Davis (13), Rosen et al. (14) , or Ferrier et al. (15) . We suggest that Purkinje fibers poisoned by digitalislike drugs can show two fundamentally distinct kinds of rhythmic activity. If the resting potential is relatively high, the fiber can exhibit only an enhanced degree of normal phase 4 depolarization. If the fibers have a low resting potential, their spontaneous activity can be triggered and resembles slow-response activity. If these forms of rhythmic activity are fundamentally different, it is presumably the loss of resting potential associated with activity in the presence of ouabain that causes the ouabain-poisoned fiber to switch from normal spontaneous activity to slow-response spontaneous activity; such activity depends on inward current passing through the so-called slow channel.
